We present a deep Jansky Very Large Array observation of CO J = 1 − 0 emission line in a protocluster at z = 2.53, USS1558-003. The target field is an especially dense region, where 20 Hα emitters (HAEs) are clustering. We successfully detect CO emission lines from four HAEs and give an upper limit for 16 HAEs. Red, massive star-forming galaxies tend to be gas rich while blue less massive galaxies are faint in the CO emission. Given the close proximity (32 kpc), small velocity offset (130 km s −1 ), and similar stellar masses of the two CO emitters, ID 191 and ID 193, they could be in the phase prior to a gas-rich major merger. ID 193 shows a red color in the rest-frame optical, suggesting the presence of dusty star-formation. Using MIPS 24 µm and radio continuum images, we find a total infrared luminosity of L IR = 5.1 × 10 12 L ⊙ for ID 193, corresponding to SFR∼ 880
INTRODUCTION
Properties of galaxies seen in the local universe strongly depends on their surrounding environments, as well known as the morphology-density relation. Earlytype galaxies are frequently observed in high density regions such as clusters and late-type galaxies are common in low density regions (Dressler et al. 1997) . A recent spectroscopic survey with an integral field unit (IFU) demonstrates that early-type galaxies are further divided into two kinds of populations based on the kinematics: fast rotators and slow rotators (Emsellem et al. 2007 . This categorization makes the trend in the morphology-density relation more prominent. Whereas fast rotators, that is the majority of early-type galaxies, appear in a wide range of environments, slow rotators reside exclusively in dense cores of mature clusters .
Such spatial segregation and the difference in their kinematics could be related to formation processes and subsequent quenching mechanisms of star formation. In theoretical models, gas-rich major mergers leading to a spin-down of remnants successfully produce simulated slow rotators and have been considered as one of the most potent formation process of slow rotators (Naab et al. 2013; Cox et al. 2006) . Given high number densities of star-forming galaxies in clusters/protoclusters at z = 1 − 3 (Hayashi et al. 2011; Tadaki et al. 2012; Tanaka et al. 2011) , we naturally expect a high frequency of majormerger events. What is important here is that they are interactions between gas-dominated systems. While stellar components within galaxies are collisionless, constitutive gas are dissipational systems. Therefore, gas-rich major mergers trigger an intense, dusty star formation due to shocks and an inflow of gas that has lost its angular momentum, as well as establishment of the outer profile through violent relaxation (Mihos & Hernquist 1996; Hopkins et al. 2006) .
Red, dusty, star-forming galaxies would serve as a good marker of the progenitors of slow rotators. Throughout this paper, "red" refers to a red color in the rest-frame optical. Koyama et al. (2013) find that such red dusty populations reside in a cluster core at z > 2, providing a suitable laboratory for investigating the formation process of slow rotators. On the other hand, the dustiness of star-forming galaxies is also enhanced by metal enrichments (Wuyts et al. 2011) . Tadaki et al. (2013) suggest that there are two kinds/modes of dusty starforming galaxies: merger-driven starbursting galaxies and metal-rich normal star-forming galaxies. Roughly, very bright galaxies in the dust emission such as submillimeter galaxies (SMGs) and ultra-luminous infrared galaxies (ULIRGs) fall in the former category, while the optical/near-infrared selected galaxies such as BzK galaxies and Hα emitters (HAEs) fall in the latter. Mode of star formation is the key to quantitatively distinguishing between them and understanding the formation process of slow rotators.
Molecular gas mass is a critical parameter to characterize the star-formation mode of galaxies and the evolutionary stage along with stellar mass and star formation rate (SFR). By virtue of recent improvements in telescope sensitivity, CO studies for high-redshift galaxies are rapidly developped over the past years (Carilli & Walter 2013) and revealed that star-forming galaxies at z > 1 have large molecular gas reservoirs, ∼40% of their total barionic mass (e.g. Daddi et al. 2010b; Tacconi et al. 2010 Tacconi et al. , 2013 . Moreover, Daddi et al. (2010a) represent two sequences of star formation mode in galaxies at z ∼ 1.5: a short-lived intense mode for "starburst" galaxies, and a long-lasting mode for "normal" star-forming galaxies. This bimodality is also seen in resolved star forming regions within local galaxies (Kennicutt & Evans 2012) . In spite of the importance of molecular-gas observations in high-density environments, most of previous CO studies are limited to general fields. In a cluster field at z ∼ 0.4, Geach et al. (2011) have investigated the star formation efficiency of dusty galaxies, but the environmental dependence is not seen. Aravena et al. (2012) also find that the star formation efficiencies of galaxies in a proto-cluster at z ∼ 1.5 are comparable to that of field galaxies at similar redshift.
In this paper, we report results from deep CO J = 1−0 observations of a proto-cluster at z = 2.53, when the cosmic star formation activities come to a peak. We investigate the star-formation mode of star-forming galaxies in a very high-density region and see if there is any environmental effect in the formation phase of the progenitors of cluster early-type galaxies (slow rotators in particular) seen today. We assume cosmological parameters of H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3, and Ω Λ = 0.7.
OBSERVATION
2.1. USS1558-003 proto-cluster at z = 2.53
Our target is a proto-cluster, USS1558-003, at z = 2.53, where an over-density of massive, red-sequence galaxies has been discovered around a radio galaxy (Kodama et al. 2007 ). This region has also been observed as a part of a systematic Hα narrow-band imaging campaign with MOIRCS on Subaru Telescope called "M AHALO − Subaru" project (MApping HAlpha and Lines of Oxygen with Subaru; Kodama et al. 2013) , and it has been found to host numerous HAEs (Hayashi et al. 2012) . Membership of about a half of the 68 HAEs has been spectroscopically confirmed with a success rate of 70% (Shimakawa et al. 2014 ). An extremely dense clump lies about three arc-minutes away from a radio galaxy in the southwest (Figure 1 ). Because the dynamical mass of this clump is derived to be ∼ 10 14 M ⊙ from the Hα spectroscopy, it is expected to evolve into a single massive system with > 10 15 M ⊙ like Coma cluster (Shimakawa et al. 2014) . Therefore, this proto-cluster is very likely the site where slow rotators, which will eventually dominate a rich cluster by the present-day, are just in their formation phase.
JVLA observations
We have conducted CO J = 1 − 0 emission line observations with the Jansky Very Large Array (JVLA) during February-April 2013. The target field includes 20 HAEs at z = 2.5 (Figure 1 ), of which 12 have spectroscopic redshifts based on their Hα lines. The observations were made in the compact D array configuration to securely detect emission lines from the entire galaxies. At z = 2.53, a CO J = 1 − 0 emission line (ν rest = 115.271 GHz) is redshifted to ν obs = 32.655 GHz and therefore the Ka-band receiver was used. As the narrow-band survey has a redshift uncertainty of ∆z = ±0.02, the WIDER correlator was set up to cover 32.078-34.082 GHz, corresponding to the CO line at z=2.382-2.593. Two channels at the edges of each spectral window were flagged, which brought the spectral gaps of 8 MHz. We observed the standard calibrators 3C286 for bandpass and flux calibration. Phase calibration was performed with observations of J1557-0001. The data were processed through the VLA CASA Calibration Pipeline (McMullin et al. 2007 ). The total integration time was 14 hours. Two kinds of CO maps were reconstructed using the CASA task CLEAN using "briggs" weighting with a robustness parameter of 0.0 and natural weighting, which provided a synthesized beam of 1.9×1.7 arcsec 2 /3.1×2.5 arcsec 2 and a rms level of ∼60 µJy beam −1 /∼40 µJy beam −1 per 2 MHz channel (∼18 km s −1 ), respectively.
2.3. Spitzer MIPS 24 µm data We use a Spitzer MIPS 24 µm image to identify dusty star formation and estimate total infrared (IR) luminosities of HAEs. The data is retrieved from the Spitzer Heritage Archive. Data reduction was performed in a standard manner (flat fielding, background subtraction and mosaic) using MOPEX software (Makovoz & Khan 2005) . Source extraction and PSF-fitted photometry were performed using APEX module in MOPEX. The limiting flux reaches to 5σ ∼ 150 µJy in the final combined image. 16.0 a "bHAE" and "rHAE" indicate blue and red HAEs, respectively, separated at J − Ks = 1.38. b FWHM of a gaussian component. c Stellar masses are estimated from Ks-band magnitudes using the relationship between mass-to-luminosity ratios in Ks-band and J − Ks colors based on the population synthesis bulge-disk composite models (Kodama et al. 1999) .
3.1. Detections of CO J=1-0 emission line Two HAEs, ID 191 and ID 193 , are obviously detected in the velocity-averaged CO line intensity maps ( Figure  2 ). As the emissions are hardly spatially resolved, their CO spectra are extracted from the peak positions of the CO cube. These two HAEs are spatially adjacent to each other and the separation between them is about 4 arcsec corresponding to 32 kpc in the physical scale. The velocity offset is only 130 km s −1 . Table 1 shows a summary of the properties of detected CO emission lines.
Both CO spectra show a double-peak profile. From a spectral fitting of two-component gaussian model with the same FWHM, the line widths are measured to be 179 km s −1 and 163 km s −1 for ID 191 and ID 193, respectively. This irregular feature is closely related to a spatial distribution of molecular gas within galaxies. Local edgeon disks show a double-horn profile but a gap at zerovelocity is widespread in the velocity range and moreover rarely below 50% of the peak flux (e.g. Walter et al. 2008) . Such spectra are also seen in color-selected starforming galaxies at z ∼ 1.5 (Daddi et al. 2010b ) and SMGs at z = 1 − 3.5 (Greve et al. 2005) . Daddi et al. (2010b) demonstrate with numerical simulations that turbulent and clumpy disks can successfully reproduce the spectra similar to the observed ones but uniform disks can not. Actually, morphologies of star-forming galaxies become increasingly irregular and clumpy at z > 2 (e.g. Tadaki et al. 2014; Elmegreen & Elmegreen 2005) . If most of the CO emission is dominated by a few giant clumps, the observed feature can be readily explained. Otherwise, one double profile would reflect a merger between two galaxies with different velocities. Even higher-resolution observations would make it challenging to discriminate between a merger and multiple kpc-scale clumps within a single galaxy. We discuss further the physical process of ID 191/ID 193 in terms of star-formation mode in Section 4.
Another two HAEs, ID 213 and ID 223, are also nominally detected at the significance level of 4 − 5σ in the spectra binned with 92 km s −1 . For ID 223, there is a large velocity offset of ∼1000 km s −1 between z Hα and z CO . This discrepancy might be caused by the low S/N ratios of the Hα and/or CO spectra and follow-up observations with higher sensitivity are required to confirm the detection.
The CO J = 1 − 0 observation allows us to estimate a molecular gas mass independent of its excitation level. Whereas a derived molecular gas mass depends on a CO-H 2 conversion factor, a Galactic value, α = 4.36 M ⊙ /(K km s −1 pc −2 ), is likely to be appropriate as well for normal star-forming galaxies at z = 1 − 2.5 (Tacconi et al. 2013) . For ID 193 only, we use a conversion factor of α CO = 0.8 M ⊙ /(K km s −1 pc −2 ), which is the value in the case of starburst galaxies (Downes & Solomon 1998 ; see Section 4). We estimate molecular gas masses for four HAEs and give the 3σ upper limit (M gas < 2 − 3 × 10 10 M ⊙ ) for 16 HAEs. Figure 3 shows the gas fraction, M gas /(M gas + M * ), as a function of stellar mass along with the PHIBSS sample by Tacconi et al. (2013) , which is mainly constructed from UV color-selected galaxies with Hα line detections (Erb et al. 2006) . As most of our sample are star-forming galaxies with M * < 10 11 M ⊙ , which is less massive compared to the PHIBSS sample, the non-detections do not contradict the results of the PHIBSS. For galaxies with M * > 2 × 10 10 M ⊙ , gas-dominated systems (gas fraction is above 50%) are not common. We also look into the relation between the detection rate of CO emission and the rest-frame optical color. Our sample consists of four red HAEs with J − K s > 1.38 and 16 blue HAEs. The three massive ones (ID 193, ID 213, and ID 223) out of four red HAEs are actually detected in the CO emission line while only one (ID 191) out of 16 blue HAEs is detected. Red and massive galaxies tend to be relatively bright in CO emission compared to blue and less massive ones.
Identification of dusty star formation
Although Hα emission line is one of the best indicators of SFR, it can still miss much of star formation in the case of very dusty galaxies (Koyama et al. 2010) . Infrared emission, which is a re-radiation of UV flux of massive stars by their surrounding dust, is very useful for estimating dust-obscured SFRs of galaxies. Three MIPS 24 µm sources are identified within the JVLA FoV, and the brightest one with S 24µm = 425 µJy is located between ID 191 and ID 193 (Figure 2) . Since the PSF size of the MIPS images is too large (∼ 6 ′′ ), we can not measure the 24 µm flux density of each galaxy.
To deblend the IR emission, we use a radio continuum image at 33 GHz (116 GHz in the rest frame), which is created with natural weighting by averaging the data over about 2 GHz excluding the frequency range of the CO emission line. Radio continuum is also a good indicator of dust-obscured SFR because it reflects the nonthermal emission from supernovae remnants and thermal bremsstrahlung emission from ionized gas (Yun & Carilli 2002 ). 1.4 GHz luminosity is often used to derive SFRs (Condon 1992 ) but 116 GHz traces the bottom of SEDs consisting of non-thermal and thermal bremsstrahlung emission. However, the radio data allow us to speculate the relative contribution of each galaxy to the blended IR emission. We estimate a 116 GHz flux density of 5.0 ± 2.6 µJy (1.9σ) and 10.3 ± 2.6 µJy (3.9σ) for ID 191 and ID 193, respectively (Figure 2) . Although ID 191 is marginally detected, it is clear that the detected IR emission is dominated by ID 193. Using the conversion factor at z = 2.51 from 24 µm flux densities (Wuyts et al. 2008 ), we derive a total IR luminosity of
12 L ⊙ and L IR = 5.1 × 10 12 L ⊙ for ID 191 and ID 193, respectively. Assuming that the bulk of the total IR luminosity is powered by star formation, we find that ID 193 has a SFR= 880 M ⊙ yr −1 with the standard calibration of Kennicutt (1998) . Since the Hα-based SFR is ∼40 M ⊙ yr −1 , this object is likely to be strongly attenuated by a large amount of dust (A Hα = 3 mag). On the other hand, other red HAEs including ID 213 and ID 223 are not detected at 24 µm/radio and the 3σ upper limit of L IR < 1.6 × 10 12 L ⊙ is given.
DISCUSSION AND SUMMARY
The separation of 32 kpc and the velocity offset of 130 km s −1 between ID 191 and ID 193 suggest that they are probably in a pre-merger phase and they could merge together within ∼ 200 Myr. On the other hand, ID 193 is already red in the rest-frame optical and bright in the IR/radio emission. The derived high SFR of 880 M ⊙ yr −1 is similar to that of SMGs, where extremely high star formation is thought to be driven by major mergers (Tacconi et al. 2008; Engel et al. 2010; Ivison et al. 2012) . Even the high-redshift disk galaxies fed by cold accretion of gas through cosmic filaments do not show such extremely high SFRs (Dekel et al. 2009; Genzel et al. 2008) .
In Figure 4 , we plot individual HAEs with CO detections on the L IR − L ′ CO diagram to investigate their star-formation mode and compare it with other populations taken from the literature (Neri et al. 2003; Greve et al. 2005; Solomon et al. 1997; (Neri et al. 2003; Greve et al. 2005 , green stars), ULIRGs at z < 1 (Solomon et al. 1997 , green crosses), optical/near-IR selected star-forming galaxies at z > 1 (Tacconi et al. 2013; Aravena et al. 2012 , black circles), and local spirals (Leroy et al. 2009; Smith et al. 2007, black triangles) . A red dashed and black solid line show the two kinds of sequence of starforming galaxies derived from the best-fitting relation (Daddi et al. 2010b ).
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). The ratio of L IR to L ′ CO reflects how molecular gas is being turned into stars. On the L IR −L ′ CO diagram, ID 193 (red HAE) has a higher IR luminosity compared to normal star-forming galaxies at a fixed CO luminosity and is situated close to the regime of low-redshift ULIRGs and high-redshift SMGs which are thought to be merger-driven starbursts. Actually, a derived depletion timescale is τ depl = 17 Myr, which is roughly consistent with that of SMGs (∼40 Myr; Greve et al. 2005) . These results suggest that the red ID 193 underwent a merger with a gas-rich galaxies but the neighboring ID 191 in the recent past, and has become a dusty starburst galaxy identified as the IR/radio bright galaxy. The extremely high number density of star-forming galaxies in the USS1558 proto-cluster also supports that they may be evolving through multiple merger events.
In contrast, ID 191 (blue HAE) is likely to be normal star-forming galaxies judging from its blue color and low L IR /L ′ CO ratio. ID 213 and ID 223 are red HAEs but the IR/radio emission could not be detected. A deeper dust continuum observation is required to specify their star-formation mode.
In this work, we have successfully detected CO J = 1 − 0 emission lines from four HAEs, of which two adjacent CO emitters, ID 191 and ID 193 , would presumably merge together within ∼ 200 Myr. Because the sum of their stellar masses becomes M * ∼ 10 11 M ⊙ and subsequent star formation activities would further increase it, such a merger system can be a good candidate of a progenitor of massive quiescent galaxies in cluster cores at z < 2. Moreover, ID 193 shows a violent star formation activity (SFR=880 M ⊙ yr −1 ), high L IR /L ′ CO ratio (high star-formation efficiency) and red optical color. We interpret it as such that a dusty star-forming galaxy has undergone a merger with a gas-rich galaxy but the neighboring blue HAE (ID 191) . Given the identification of a rare event within the depletion timescale of τ depl = 17 Myr in the extremely dense environment, merger events could frequently occur as surrounding galaxies are expected to be dragged by a gravitational potential of a large halo. By dissipative processes between gas-rich galaxies, the systems that have undergone (multiple) merger events in the past in the proto-cluster should be observed as the remnants with little or no rotation (slow rotators) at z = 0 (Naab et al. 2013 ). This hypothesis can naturally account for the observational results that slow rotators are frequently observed in local cluster cores . To confirm whether gasrich merger events are in fact common in high-density environments at z > 2, we need a statistical sample. The combination of a wide-field Hα narrow-band imaging with a future wide-field observation of CO J = 1 − 0 emission with ALMA Band-1 (>7 arcmin
